We study possible new physics (NP) effects in the exclusive decaysB 0 → D ( * ) τ −ν τ . We extend the Standard Model by taking into account right-handed vector (axial), left-and right-handed (pseudo)scalar, and tensor current contributions. TheB 0 → D ( * ) transition form factors are calculated in the full kinematic q 2 range by employing a covariant quark model developed by us.
I. INTRODUCTION
In the last few years, the semileptonic decaysB 0 → D ( * ) τ −ν τ have been widely discussed in the literature as candidates for testing the Standard Model (SM) and searching for possible new physics (NP) in charged-current interactions. At B factories, the Belle and BABAR collaborations have been continuously updating their measurements with better precision based on electron-positron colliders. Recently, the LHCb Collaboration has also entered the game with data taken at the LHC hadron collider. The three groups have reported measurements of the ratios in Refs. [1] [2] [3] [4] [5] . These measurements provide the average ratios R(D)| expt = 0.397 ± 0.049, R(D * )| expt = 0.308 ± 0.017,
which exceed the SM expectations [6, 7] R(D)| SM = 0.300 ± 0.008, R(D * )| SM = 0.252 ± 0.003,
by 1.9 σ and 3.3 σ, respectively.
The excess of R(D ( * ) ) over SM predictions has attracted a great deal of attention in the particle physics community and has led to many theoretical studies looking for NP explanations. Some studies focus on specific NP models including two-Higgs-doublet models [8] [9] [10] [11] [12] , the minimal supersymmetric standard model [13, 14] , leptoquark models [15] [16] [17] [18] [19] [20] , and other extensions of the SM [21, 22] . Other studies adopt a model-independent approach, in which a general effective Hamiltonian for the b → cℓν transition in the presence of NP is imposed to investigate the impact of various NP operators on different physical observables [7, [23] [24] [25] [26] [27] [28] [29] [30] .
Most of the theoretical studies rely on the heavy quark effective theory (HQET) [31, 32] to evaluate the hadronic form factors, which are expressed through a few universal functions in the heavy quark limit (HQL). In the present analysis, we employ an alternative approach to calculate the NP-induced hadronic transitions based on our covariant quark model with embedded infrared confinement [for short, covariant confined quark model (CCQM)], which has been developed in some earlier papers by us (see Ref. [33, 34] and references therein).
In a recent paper [35] , we have provided a thorough study of the leptonic and semilep-
ℓ within the SM. We have also considered the HQL in the heavy-to-heavy transitionB 0 → D(D * ) and found agreement with the HQET predictions. In this paper we follow the authors of Refs. [7, 23, [25] [26] [27] [28] to include NP operators in the effective Hamiltonian and investigate their effects on physical observables of the decaysB 0 → D ( * ) ℓ −ν ℓ . We define a full set of form factors corresponding to SM+NP operators and calculate them by employing the CCQM. In the CCQM the transition form factors can be determined in the full range of momentum transfer, making the calculations straightforward without any extrapolation. This provides an opportunity to investigate NP operators in a self-consistent manner, and independently from the HQET. We first constrain the NP operators using experimental data, then analyze their effects on various observables including the ratios of branching fractions, the forward-backward asymmetries, and a set of polarization observables. We also derive the fourfold angular distribution for the cascade
τ to analyze the polarization of the D * meson in the presence of NP by using the traditional helicity amplitudes. A similar study was done by the authors of Refs. [27, 28] , in which the angular distribution is expressed via the transversality amplitudes. The remaining part of the paper is organized as follows. In Sec. II we set up our framework by introducing the effective Hamiltonian. In this section we also describe in some detail the calculation technique used in our approach in order to derive thē 
II. EFFECTIVE HAMILTONIAN AND FORM FACTORS
We start with the effective Hamiltonian for the quark-level transition b → cτ
where the four-Fermi operators are written as
Here,
are the left and right projection operators, and
, and T L are the complex Wilson coefficients governing the NP contributions. In the SM one has V L,R = S L,R = T L = 0. We assume that NP only affects leptons of the third generation.
The invariant matrix element of the semileptonic decaysB 0 → D ( * ) τν τ can be written as
Note that the axial and pseudoscalar hadronic currents do not contribute to theB 0 → D transition, while the scalar hadronic current does not contribute to theB
Therefore, assuming that NP appears in both transitions, the cases of pure V R − V L or S R ± S L couplings are ruled out, as mentioned in Ref. [23] .
The hadronic matrix elements are parametrized by a set of invariant form factors as follows:
for theB 0 → D transition, and
= −iǫ † 2α . In Ref. [35] we have given a detailed description of the CCQM framework for the calculation of the semileptonic transitionsB 0 → D ( * ) τ −ν τ in the SM. It therefore suffices to briefly describe the main steps in the corresponding calculation for a more general set of quark-level transition operators.
The CCQM provides a field-theoretic frame work for the calculation of particle transitions in the constituent quark model (see e.g., Refs. [36] [37] [38] [39] [40] [41] ). In the CCQM, particle transitions are calculated from Feynman diagrams involving quark loops. For example, theB 0 → D ( * )
transitions are described by a one-loop diagram requiring a genuine one-loop calculation.
The high-energy behavior of quark loops is tempered by nonlocal Gaussian-type vertex functions with a Gaussian-type falloff behavior. The particle-quark vertices have nonlocal interpolating current structure. In the Feynman diagrams one uses the usual free local quark propagators (m − p) −1 . The normalization of the particle-quark vertices is provided by the compositeness condition which embodies the correct charge normalization of the respective hadron [42] . The compositeness condition can be viewed as the field-theoretic equivalent of the normalization of the wave function of a quantum-mechanical state. A universal infrared cutoff provides for an effective confinement of quarks. There are therefore no free quark thresholds in the Feynman diagrams even if they are allowed by the kinematics of the process. We mention that the authors of Ref. [43] have pursued a related program to calculate heavy meson transitions covariantly via one-loop integrals.
The loop integrations are done with the help of the Fock-Schwinger representation of the quark propagator. The use of the Fock-Schwinger representation allows one to do tensor loop integrals in a very efficient way since one can convert loop momenta into derivatives of the exponent function which are simple to handle. We mention that the same idea to treat tensor loop integrals has been used in the evaluation of loop integrals in local quantum field theory [44, 45] .
The model parameters, namely, the hadron size parameter Λ, the constituent quark masses m q i , and the universal infrared cutoff parameter λ, are determined by fitting calculated quantities of a multitude of basic processes to available experimental data or lattice simulations (for details, see Ref. [34] , where a set of weak and electromagnetic decays was used). In this paper we will use the updated least-squares fit performed in Refs. [46] [47] [48] .
Those model parameters involved in this paper are given in Eq. (8) (all in GeV): 
Once these parameters are fixed, one can employ the CCQM as a frame-independent tool for hadronic calculation. Model-independent parameters and other physical constants are taken from Ref. [49] .
The form factors in our model are represented by three-fold integrals which are calculated by using fortran codes in the full kinematical momentum transfer region. Our numerical results for the form factors are well represented by a double-pole parametrization
The double-pole approximation is quite accurate: the error relative to the exact results is less than 1% over the entire q 2 range. For theB 0 → D andB 0 → D * transitions the parameters of the approximation are listed in Eqs. (10) and (11), respectively: showing that our model calculation, which includes the full heavy mass dependence, is quite close to the heavy quark limit. It is quite noteworthy that we obtain a nonzero result for the form factor G T 0 in our model calculation at zero recoil, which is predicted to vanish in the HQL.
In Fig. 1 we present the q 2 dependence of theB
Finally, we briefly discuss some error estimates within our model. We fix our model parameters (the constituent quark masses, the infrared cutoff and the hadron size parameters)
by minimizing the functional χ
where σ i is the experimental uncertainty. If σ is too small then we take its value of 10%. Moreover, we observed that the errors of the fitted parameters are of the order of 10%. Thus we estimate the model uncertainties within 10%. 
III. TWOFOLD DISTRIBUTION AND EXPERIMENTAL CONSTRAINTS
A.B 0 → D transition Using the helicity technique described in our recent paper [35] one can write the helicity amplitude of the decayB
where the notation hel means all helicity indices appearing in the expression under the symbol are summed up. The hadronic and leptonic helicity amplitudes in Eq. (12) are defined as follows:
One obtains the following nonzero hadronic helicity amplitudes written in terms of the invariant form factors:
The differential (q 2 , cos θ) distribution is written as
where we have introduced the velocity-type parameter v = 1 − m 2 τ /q 2 as well as the helicity flip factor δ τ = m 2 τ /2q 2 . After integrating over cos θ one has
This q 2 distribution agrees with the result of Ref. [17] . Note that in this paper we do not consider interference terms between different NP operators.
The helicity amplitude of the decayB
where we have defined the hadronic helicity amplitudes as follows:
The nonzero helicity amplitudes read
τ is given in Appendix C. After integrating over cos θ one has
C. Experimental constraints
Assuming that NP only affects the tau modes, we integrate Eqs. (15) and (19) and obtain the ratios of branching fractions R(D ( * ) ) in the presence of NP operators. It is important to note that within the SM (without any NP operators) our model calculation yields
which are consistent with other SM predictions given in Refs. [6, 7, 50, 51] within 10%. In order to acquire the allowed regions for the NP Wilson coefficients, we assume that besides the SM contribution, only one of the NP operators in Eq. (3) is switched on at a time.
We then compare the calculated ratios R(D ( * ) ) with the recent experimental data from the Belle, BABAR, and LHCb collaborations [1] [2] [3] [4] [5] given in Eq. (1). We also take into account a theoretical error of 10% for the ratios R(D ( * ) ).
The experimental constraints are shown in Fig. 2 In each allowed region at 2σ we find the best-fit value for each NP coupling. The best-fit couplings read 
A. The fourfold distribution
In order to analyze NP effects on the polarization of the D * meson one uses the cascade
. A detailed derivation of the fourfold angular distribution (without NP) can be found in our paper [52] . The three angles θ, θ * , and χ in the distribution are defined in Fig. 3 
where
The full angular distribution J(θ, θ * , χ) is written as 
where J i(a) (i = 1, . . . , 9; a = s, c) are the angular observables. Their explicit expressions in terms of helicity amplitudes and Wilson coefficients read
The results for the angular functions J i in Eq. (24) agree with those of Ref. [28] except for a difference in the sign of J 8 , J 9 , and the first two terms of J 7 . However, we find agreement with the results of our previous paper [35] in the case of J 7 , J 8 , and J 9 . Note again that in this paper we do not consider interference terms between different NP operators. In our quark model all helicity amplitudes are real, which implies the vanishing of all terms proportional to sin χ and sin 2χ, namely J 7,8,9 , within the SM. This does not necessarily hold when considering complex NP Wilson coefficients, as can be seen in Eq. (24).
B. The q 2 distribution and the ratios of branching fractions R(D ( * ) )
The fourfold distribution allows one to define a large set of observables which can help probe NP in the decay. First, by integrating Eq. (21) over all angles one obtains
where J L and J T are the longitudinal and transverse polarization amplitudes of the D * meson, given by
The decay rate in Eq. (25) is often normalized over the corresponding muon mode in order to dismiss the poorly known V cb and to partially cancel uncertainties from the hadronic form factors. In Fig. 4 we present the q 2 dependence of the rate ratios (27) in different NP scenarios. It is interesting to note that unlike the vector and scalar operators, which tend to increase both ratios, the tensor operator can lead to a decrease of the ratio R(D * ) for q C. The cos θ distribution, the forward-backward asymmetry, and the lepton-side convexity parameter
We define a normalized angular decay distribution J(θ * , θ, χ) through
where J tot = 3J 1c + 6J 1s − J 2c − 2J 2s . The normalized angular decay distribution J(θ * , θ, χ)
obviously integrates to 1 after cos θ * , cos θ, and χ integration. By integrating Eq. (21) over cos θ * and χ one obtains the differential cos θ distribution which is described by a tilted parabola. The normalized form of the parabola reads
The linear coefficient b/2(a + c/3) can be projected out by defining a forward-backward asymmetry given by
The coefficient c/2(a + c/3) of the quadratic contribution is obtained by taking the second derivative of J(θ). Accordingly, we define a convexity parameter by writing
When calculating the q 2 averages of the forward-backward asymmetry and the convexity parameter, one has to multiply the numerator and denominator of Eqs. (30) and (31) by the q 2 -dependent piece of the phase-space factor C(q 2 ) = |p 2 |q 2 v 2 . For example, the mean forward-backward asymmetry can then be calculated according to
The q 2 dependence of the forward-backward asymmetry is shown in Fig. 5 . The coupling V L does not effect A F B in both decays since it stands before the SM operator and drops out in the definition of the observable. In the case of theB 0 → D * transition, the operators 
Notations are the same as in Fig. 4 .
In Fig. 6 we present the lepton-side convexity parameter D. The cos θ * distribution and the hadron-side convexity parameter
By integrating Eq. (21) over cos θ and χ one obtains the hadron-side cos θ * distribution described by an untilted parabola (without a linear term). The normalized form of the cos θ * distribution reads J(θ
, which can again be characterized by its convexity parameter given by The cos θ * distribution can be written as
where F L (q 2 ) and F T (q 2 ) are the polarization fractions of the D * meson and are defined as
The hadron-side convexity parameter and the polarization fractions of the D * meson are related by
The effects of NP operators on the hadron-side convexity parameter C By integrating Eq. (21) over cos θ and cos θ * one obtains the χ distribution whose normalized form reads
where A
(1)
T (q 2 ) = 4J 9 /J tot . Besides, one can also define other angular distributions in the angular variable χ as follows [27] :
The normalized forms of these distributions read
Another method to project the coefficient functions J i (i = 3, 4, 5, 7, 8, 9) out from the threefold angular decay distribution in Eq. (21) is to take the appropriate trigonometric moments of the normalized decay distribution J (θ * , θ, χ) [35] . The trigonometric moments are defined by
where M i (θ * , θ, χ) defines the trigonometric moment that is being taken. One finds
T (q 2 ),
These coefficient functions can also be projected out by taking piecewise sums and differences of different sectors of the angular phase space [55] [56] [57] [58] .
In Fig. 8 The trigonometric moments W II (q 2 ) and W IT (q 2 ) are equal to zero in the SM and obtain a nonzero contribution only from the right-chiral vector operator O V R , as depicted in Fig. 9 .
Both moments are proportional to the imaginary part of V R and the effect of O V R cancels in their ratio.
One can also consider certain combinations of angular observables where the form factor dependence drops out (at least in most NP scenarios), as described in Ref. [54] . As a demonstration, we consider the optimized observable
which is equal to one not only in the SM but also in all NP scenarios except the tensor one, as shown in Fig. 10 . Therefore H
T (q 2 ) plays a prominent role in confirming the appearance Our analysis has been done under the assumption of one-operator dominance. However, the large observable set has revealed unique behaviors of several observables and provided many correlations between them, which allows one to distinguish between NP operators. Our analysis can serve as a map for setting up various strategies to identify the origins of NP, one of which is as follows: first, one uses the null tests W IT (q 2 ) = 0 and H more precise data will be collected, one can adopt the strategies described in this paper as a useful tool to discover NP in these decays if the deviation from the SM still remains.
Isgur-Wise function as not need to rely on either the EOM or the HQL. We mention that a discussion on decay constants and form factors in the B → D(D * ) transitions in the HQL can also be found in
Ref. [62] .
Appendix C: Twofold distribution ofB 0 → D * τ −ν τ
In this appendix we provide the explicit differential (q 2 , cos θ) distribution of the decaȳ
τ for easy comparison with other studies. The distribution reads
